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W(CO)6 mediated reactions of thioethers in refluxing
chlorobenzene yield mainly the corresponding dimers. Optically
active thioethers give the respective racemic products.
Mercaptans, on the other hand, predominantly afford the
corresponding reduced products. A deuterium labelling experiment
suggests that the SH group is the hydrogen source in the
reduction reactions. A free radical mechanism is suggested.
INTRODUCTION
Hydrodesulfurization process is important not only in the
purification of fossil fuels 1 but also in organic synthesis2.
Removal of sulfur from fossil fuels is an essential process to
reduce the air pollution due to sulfur dioxide which is produced
from the combustion of fossil fuels containing small amounts of
organosulfur components. The commonly used catalysts for this
transformation consist of molybdenum sulfide with nickel or
cobalt compounds as promoters.3 For example, thiophene (1) can






In organic synthesis, sulfur moieties are often used as
directive or protective groups4. After these reactions,
reduction of the carbon-sulfur bond to the corresponding carbon-
hydrogen bond is required. Raney nickel has been widely employed





Because of the importance of the C-S bond cleavage,
extensive studies on the mechanism of these reactions have been
pursued. However, the actual mode of these important process is
still not well-understood. Various homogeneous systems have been
developed to simulate these heterogeneous reactions.
Metal carbonyls have received particular attention in this
area of research. In 1960, Stone and his students treated
thiophene (1) with triiron dodecacarbonyl (2) to give an
organoiron product (3) where carbon-sulfur bond in (1) is
cleaved (eq. 3)6. Similarly, this iron cluster has been shown to
be active for the reduction of benzylic and aryl mercaptans in




















In addition, treatment of thioketones with iron
pentacarbonyl in aqueous sodium hydroxide yields the




Thioketones can also undergo desulfurdimerization with





R= Ph, p-CHgOPh, p-CHgPh
eq. 7
Desulfurdimerization of aryl thioketone can also be achieved
in the reaction with dimaganese decacabonyl (eq. 8)11. However,
11

















Upon treatment of thiocarbonate (4) with iron pentacarbonyl,
the metal carbene (5) has been isolated (eq. 10)12. This
observation indicates the formation of the metal-carbon bond may





Recently Alper and his coworkers- reported that cobalt
carbonyl is an active homogeneous desulfurization reagent.
Benzylic and aryl mercaptans can react with dicobalt octacarbonyl
in a waterbenzene mixed solvent under CO atmosphere to give the
corresponding reduced products(eg. 11).
CO2(C0)g
RSH+ CO RH+ COS
H20, PhH
eg. 11
Moreover, benzylic and aryl mercaptans can be transformed
into esters when the reaction is performed in alcoholic solvents
and under CO atmosphere (eq. 12)14.
CO2(CO)Q
RSH+ CO+ R' OH— RCOOR1+ H9S
h20
eq. 12
Alternatively, the reactions with molybdenum carbonyl have
briefly been explored. To illustrate, activated molybdenum on
silica gel prepared from molybdenum hexacarbonyl was found to be







The molybdenum (II) complex generated in situ from the
reaction of molybdenum hexacarbonyl and acetic acid has been
shown to react with the thiol leading to the reduced product in
addition to the corresponding thioester as the by-product (eq.
14)16.
MO(CO)6 S
RSH RH+ RS-C-Me eq. 14
HOAc, 115-120°C
More recently, molybdenum hexacarbonyl in refluxing THF was
reported to be a selective reducing reagent for the reductive






In the case of the thioethers, the reaction was found to be
much slower. Akanethiols (8) were isolated from the reactions of
alkyl sulfides (9) (eq. 16) 11.The reaction was proposed to








It is interesting to note that the reaction of 9-fluorenone
thioketal (11) with Mo(C0)6 yields a mixture of fluorene (12)




Further study in this laboratory found that thioacetals can
readily undergo desulfurdimerization to give the dimeric product
under similar conditions using chlorobenzene as the solvent
(eg. 19)18' 19.
eg. 19
Although the latter reaction may have synthetic value, the
mechanism remains unresolved. Accordingly, it appeared
desirable to study the role of the metal in the cleavage of the
carbon-sulfur bond mediated by metal carbonyls. The results may
give insight concerning the mechanism of the heterogeneous
desulfurization reaction. An ideal starting point was to
investigate the tungsten hexacarbonyl mediated carbon-sulfur bond
cleavage reactions. In the thesis, a detailed study of the




The organosulfur compounds used in this investigation were
prepared according to the literature methods20. Thus, mercaptans
were obtained from the reactions of bromides and thiourea in
aqueous or alcoholic medium, followed by hydrolysis with aqueous
sodium hydroxide (eq. 20). The symmetrical thioethers were
synthesized from the reactions of alkyl bromides and sodium
sulfide under refluxing conditions in ethanolwater (eq. 21).
The unsymmetrical thioethers were prepared from the reactions of
sodium mercaptide and the corresponding alkyl bromides in THF
(eq. 22). Treatment of mercaptan (14) in a mixture of chloroform
and D20 afforded deuterated 2-naphthylmethanethiol (15)
(eq. 23). Optically active sulfides, (21) and (22), were
prepared according to Scheme 1. The yields of these sulfur
compounds are listed in Tables 1 2.
RBr Na2S
R-S-R eq. 21
eq. 2 0• RSH






scheme 1 Preparation of optically active sulfides













Table 2: Preparation of Thioethers





























A: according to eq. 21; B: according to eq. 22;
C: Ref. 39
Desulfurization of Sulfides
In a typical procedure, a chlorobenzene solution of the
sulfide and an equivalent amount of tungsten hexacarbonyl was
heated under refluxing conditions in a nitrogen atmosphere. The
mixture became homogeneous as soon as the temperature was raised
over 100°C. The colorless solution slowly turned yellow after it
began to boil. Continued refluxing resulted in darkening of the
mixture. A black precipitate was observed after prolonged
heating. The mixture was allowed to reflux for 24-72 h.
After workup and chromatographic separation, the dimeric product
as well as the corresponding reduced product were obtained. The
results are tabulated in Table 3.
As shown in Table 3, functional groups such as halogen and
ethereal linkage remained intact under the reaction conditons.
Bis-(2-naphthylmethyl) sulfide (27) afforded a mixture of 2-
methylnaphthalene (39) and 1, 2-di (2' -naphthyl) ethane (40) in 15%
and 54% yields, respectively. In a similar manner, bibenzyl
(41) was obtained in 47% yield from the reaction of dibenzyl
sulfide (31).










































The yield of toluene (42) was not determined
As can be seen from Table 3, benzylic, methyl and phenyl
thioethers gave similar results. To illustrate this feature,
methyl 2-naphthylmethyl sulfide (50) led to 2-methylnaphthalene
(39) and 1,2-di (2' -naphthyl) ethane (40) in 14% and 50% yields,
respectively. Similarly, 4-methoxybenzyl methyl sulfide (33)
afforded 4% 4-methylanisole (47) and 48% l,2-di(4'-
methoxyphenyl)ethane (48) after refluxing with an equivalent
amount of tungsten hexacarbonyl in chlorobenzene.
1-Naphthylmethyl phenyl sulfide (29) was converted to
mixture of 1-methylnaphthalene (43) and 1,2-di(1'-naphthyl)ethan
(44) in 5% and 53% yields, respectively. 4-Bromobenzyl phenyl
sulfide (30) as well as benzyl phenyl sulfide (31) behavec
similarly. It is particularly noteworthy that no intramolecula]
coupling product was detected from these reactions. This
observation may give an insight to the mechanism of the reaction.
In other words, the two carbon-sulfur bonds may not be cleaved at
the same time during the course of the reaction.
The fate of methyl or phenyl moieties in these substrates
has not been determined. Presumably, volatile products may have
been obtained which were not identified. Accordingly, substrates
having higher molecular weight was chosen. Thus, the reaction of
2-naphthyl 2-naphthylmethyl sulfide (38) afforded naphthalene
(49), 2-methylnaphthalene (39) and 1, 2-di (2 1 -naphthyl) ethane (40)
in 38%, 6% and 46% yields, respectively (eq. 24). The product
distribution that was observed for the of benzylic compounds are
compatible with the results described earlier. The isolation of
naphthalene (49) indicates that the aryl carbon-sulfur bond was
also cleaved under the reaction conditions (see later).
(33) (39) CfO)
C9) eq. 24
Thermolysis of the 1-naphthylmethyl 2-naphthylmethyl sulfide
(37) with tungsten hexacarbonyl under normal conditions yielded a
mixture of coupling products in addition to the corresponding
reduced products (eq. 25). It is noted that the product
distribution is not in agreement with the statistic ratio for the
dimeric products (40), (44) and (52) (1:1:2). This observation
indicates that the two carbon—sulfur bonds in (37) may not be
cleaved at the same time.
(46) (28) (38)18
(29) 14®J (39) 28%;
(47) n%
eq. 2 5
The formation of the dimers (40) and (44) indicates that the
corresponding naphthylmethyl entities (53) and (54) may be formed
during the course of the reaction. These species may dimerize to
give (40) and (44) or undergo a hydrogen abstraction process to
give the corresponding reduced products. Also, (53) and (54) may
couple to give (52).
(53) (54)
As mentioned before, the two carbon-sulfur bonds may not be
cleaved at the same time. Consequently, the rate of formation of
the intermediate (53) may be different from that of the
intermediate (54). Furthermore, the electronic and steric
environment of (53) and (54) may not be alike.
The organosulfur compounds so far discussed contain
benzylic moieties. It was intriguing to consider substrates
having no benzylic hydrogens. It is noted that the reactions
were found to occur either extremely slowly or not at all. For
example, trans-stilbene (51) was isolated in only 18% yield from
the reaction with 2-(phenylthio)styrene (32) under the normal
conditions for 4 days. Moreover, only starting materials were
recovered from the reactions with methyl 2-naphthyl sulfide
(34), 1-(8-phenoxy)octyl methyl sulfide (35), 1-adamanthyl methyl
sulfide (36) and diphenyl disulfide (55). It is worth mentioning
that the C-S bonds in these thioethers are either Csp2-S or
inactivated aliphatic C-S bonds.
Based on the results discussed above, only activated carbon-
sulfur bond in thioethers can readily be cleaved under the
reaction conditions. The formation of naphthalene (49) from 2-
naphthyl 2-naphthylmethyl sulfide (38) is striking. In this
case, the C 2-S bond is apparently cleaved. However, it seems
likely that the benzylic carbon-sulfur bond might be
disintegrated first to generate naked 2-naphthyl-S moiety
(56) which would ligate to the metal center to yield the
intermediate (57).
(56) (57) (53)
The carbon-sulfur bond in (57) may be activated such that
the cleavage may occur to give a 2-naphthyl species (58) which
might undergo hydrogen abstraction leading to naphthalene (49).
The argument is supported by evidence from the desulfurization of
mercaptans as described in the next section.
Desulfurization of Mercaptans
The reactions of mercaptans have also been carried out
under similar conditions for comparison. An equivalent amount of
tungsten hexacarbonyl was employed for the desulfurization of
these mercaptans. The reaction, in general, was complete within
24 h. The results are summarized in Table 4. Thus 2-
naphthylmethanethiol (14) was converted to 2-methylnaphthalene
(39) and 1,2-di (21 -naphthyl) ethane (40) in 59% and 10% yields,
respectively. In contrast to the reactions with thioethers, the
major product of the reaction was the reduced product while the
corresponding dimer was obtained as the side product. Similar
results were obtained from experiments with (4-
anisyl)methanethiol (23) and (4-bromophenyl)methanethiol (24).
Toluic acid (59), on the other hand, was isolated in 53%
yield as the sole product from the reaction with
mercaptomethylbenzoic acid (25). Triphenylmethanethiol (60) gave
a relatively high yield (78%) of triphenylmethane (61).
As can be seen from Table 4, 2-naphthalenethiol (62) was
desulfurized under these conditions to give naphthalene (49) and
bis-(2-naphthyl)sulfide (63) in 42% and 18% yields, respectively.
A small amount of the dimeric product, 2,2'-binaphthyl (64), was
also detected by GCMS. This observation is apparently different

































from those with thioethers described in the previous section. As
just mentioned, the desulfurizaton of mercaptans is faster than
the reduction of thioethers. The smooth reaction with 2-
naphthalenethiol (62) further demonstrates the difference in
reactivity between mercaptans and the thioethers.
The coordination of the sulfur moiety to metal center might
play a prime role in the cleavage of the carbon-sulfur bond. It
is well known that the S-H bond can undergo oxidative addition
with low valent transition metal complexes to form the
corresponding thiolato complexes and that the C-S bonds in these
thiolato complexes are activated and cleaved upon thermolysis
(eq. 2 6) 21-24. In general, the stability of the such
coordination compounds is very much sterically dependent.
Mercaptans are less crowded than thioethers. Accordingly, the
ability of mercaptans to form a thiolato complexes would be
superior to the ability of thioethers to form a related thiolato
intermediates. Consequently, the reduction of 2-naphthalenethiol




It is important to note that the thioether, bis-(2-naphthyl)
sulfide (63), was also obtained in significant amount. As
described in the previous section, (63) would be quite inert
under the reaction conditions. Moreover, the formation of (63)
certainly provides some useful clues to the mechanism of
the reaction which will be discussed later.
The behavior of aliphatic mercaptans was quite similar to
that of 2-naphthalenethiol (62). It is noted that the carbon-
sulfur bond of simple aliphatic thiols is normally stable toward
iron 7, cobalt and molybdenum carbonyls. Apparently, the
reactivity of tungsten hexacarbonyl is different. Thus, under
the reaction conditions, 1-adamantanethiol (66) gave adamantane
(67) in 70% yield with neither dimeric products nor thioether
being isolated. Moreover, 1-phenoxyoctane (65) was obtained in
65% yield form the reaction of l-mercapto-8-phenoxyoctane (26).
Interestingly, the reaction of 2-naphthylmethanethiol (14)
with 0.5 equivalent amount of tungsten hexacarbonyl gave 2-
methylnaphthalene (39) and bis-(2-naphthylmethyl) sulfide (27) in
39% and 34% yields, respectively. No dimeric product or
unreacted thiol was isolated. This observation might give
insight into the reaction mechanism.
The hydrogen source
Although the product distributions of the desulfurization of
mercaptans and thioethers are different, the nature of these
reactions are similar. In other words, both the reduced and the
dimeric products were obtained. The discrepancies in the ratios
of these two products may arise from the difference in the
quantity of hydrogen source in the reaction medium. An increase
in the hydrogen source in the reaction medium would result in
higher proportion of the reduced product.
In the reactions of thioethers, the hydrogen sources would
be the benzylic hydrogens or other C-H bonds in the substrates.
In the case of mercaptans, there is an additional hydrogen
source, namely, from the SH group. It is noted that in the
desulfurization of mercaptans, the corresponding reduced products
were formed predominantly. It is, therefore, reasonable to
suggest that the SH group may provide the hydrogen for the
reduction. In order to test this viewpoint, a deuterium
labelling experiment was carried out. Hence, 2-
naphthylmethanethiol-S—d (15) was treated with equivalent amount
of tungsten hexacarbonyl in freshly distilled chlorobenzene to
give monodeuterio—2— methylnaphthalene (68) (sq« 27).
(15) (63)
eq. 27
This evidence clearly indicated that the SH moiety in
mercaptans is indeed the hydrogen source. Since SH group has
9 cc
long been known as a radical quencher, the result discussed
above suggests that the reaction may actually proceed via a
radical mechanism.
Stereochemistry of Desulfurization Reactions
As discussed above, the desulfurization process under the
reaction conditions may occur via a radical mechanism. In this
section, a detailed stereochemical investigation of this reaction
will be described.
R—( —)-2-Phenyl-2-phenylmercaptopropionic acid (21) was
treated with tungsten hexacarbonyl in chlorobenzene in the usual
manner to give the racemic mixture of 2-phenylpropanoic acid (69)
in 39% yield (eq.28). No dimerization product was obtained at
all. This observation is compatible with the reaction with 4-
mercaptomethylbenzoic acid (25) where no dimeric product was
obtained either. Presumably, the acidic hydrogen in the carboxyl
group in (69) may provide needed hydrogen.
(21) (69)
eq. 28
The corresponding chiral R-(-)-methyl 2-phenyl 2
phenylmercaptopropionate(22) was also thermolyzed in the presence
of tungsten hexacarbonyl under the same conditions to afford an
equal amount of a diastereomeric mixture of the dimers (70a) and
(70b) which are optically inactive (eq.29).
(22) (70a) (70b)
eq. 29
These results suggest a planar symmetrical intermediate
might be formed. This intermediate may abstract hydrogen to give
the corresponding reduced product or dimerize to yield a
diastereomeric mixture of dimers. Accordingly, the most likely
structure for this intermediate would be the radical (71).
(71)
The reaction behavior of methyl 2-phenyl-2-
phenylmercaptobutyrate (72) is interesting. A mixture of





The ethyl group in the reaction intermediate (71) may change
the steric environment around the radical center in (76) so that
the coulping reaction might not be favourable. Instead,
intermolecular metathesis proceeds to give an equal amount of the
reduced product, (73), and the olefins, (74) and (75). The
plausible mechanism for this process is outlined in Scheme 2.
The stereoselectivity of olefins (74) and (75) could be






As discussed above, a number lines of evidence suggested
that the tungsten hexacarbonyl mediated C-S bond cleavage
proceeds via a radical mechanism. It would be highly interesting
if the reaction could be followed spectroscopically. An NMR
technique was employed to trace the reaction pathway.
The experiment essentially followed the general procedure
described above. Thus, a mixture of 2-naphthylmethanethiol (14)
and equimolar amount of tungsten hexacarbonyl in chlorobenzene
was immersed in an oil bath preheated to 17 0°C. During the
course of the reaction, an aliquot of the mixture was withdrawn
from time to time and subjected to 1H NMR analysis. The spectra
are shown in Figure 1.
Figure la shows the NMR spectrum at t=0. As time elapsed,
the intensity of the signals at 1.76(t) and 3.78 (d, J=10 Hz)
gradually decreased and a new singlet at 2.47 progressively
appreared. The latter signal is due to the absorption of the
methyl group of the reduced product, 2-methylnaphthalene (39).
In addition, a small singlet at 3.77 appeared at the very
beginning of the reaction. However, the intensity of this signal
changed very slowly as can be seen from Figures lb-le. This









t i i r
£ 4- 1 aM i










—T 1 1 r—;
S 4- 5 a' c
Figure 1:(cont.)
(27) (39)
At t=16 h (Fig. Xe), the starting material (14) was almost
consumed. (39) and (27) were the only two products in a ratio 3:1
at this time. Further reaction led to the disappearance of the
signal at 3.78 and a new singlet at 3.2 was observed (Fig. 3f).
This absorption is due to the methylene group of (40). The ratio
of (39) and (40) in the final mixture was 5:1.
(40)
These results provide useful information on the mechanism of
the reaction. First of all, the reduced product was the
predominant product as long as the mercaptan existed. It is
noted that no dimeric product was detected at all at this stage.
As mentioned earlier, the reaction may occur via a radical
mechanism. The intermediate (78) may either abstract a hydrogen
to give (29) or dimerize to afford (40) (Scheme 3). Apparently
the rate of the hydrogen abstraction is much faster than that of
the dimerization process as long as the hydrogen source, or SH
moiety, is still available. In addition, a small amount of (79)
may be generated. This sulfur radical may couple with (78) to
give sulfide (77). This coupling reaction may have moderate
rate under the reaction conditions. It is noted that sulfide
(27) can also undergo C-S bond cleavage. Therefore the growth of
the intensity at 3.78 was found to be slow.
Disulfide (77) also exhibits a CH2 absorption in the NMR
spectrum at 3.77. This compound could be formed from the
dimerization of (79). However, throughout this study, no trace













After all the mercaptan was consumed, the reaction of (27)
provided (40) as shown in Figure If. However, evidence was
obtained from the formation of (39) by comparing the relative
intensities of the signals at 2.47 and 3.78 (Fig. le) and at 2.47
and 3.20 (Fig. If). The hydrogen source for this product is not
clear. It may arise from the products (28) or (40).
CONCLUSION
Based on the evidences described in the previous sections, a
plausible mechanism for the tungsten hexacarbonyl mediated










Upon thermolysis, dissociation of CO ligand(s) from tungsten
hexacarbonyl gives a coordinatingly unsaturated tungsten complex
(Step 1). Oxidative addition with organosulfur compounds would
yield the corresponding thiolato complex (Step 2). Related





The C-S bond in (80) would be cleaved to generate the R
radical (Step 3). A chain reaction would then proceed. The R
radical might abstract a hydrogen atom from the unreacted
mercaptan to give the reduced product, RH (Step 4). The newly
formed RS radical might further ligate to an unsaturated
tungsten complex so that an R radical would be regenerated
(Steps 5, 6).
Alternatively, the RS radical may couple with an R
radical to give thioether (Step 7) which can further undergo
desulfurization reaction. In the absence of mercaptan, the R
radical might dimerize to give other product (Step 8).
The desulfurization of thioethers may behave similarly. A
thiolato complex similar to (80) might be formed. Since there is
no SH group for hydrogen abstraction, the dimerization Step 8
became important in this case.
Although the yields of the reaction may not be high enough
for general synthetic applications, the mechanistic studies do
provide useful information on the transition metal-mediated C-S
bond cleavage reaction.
The results also imply that other metal carbonyl promoted
C-S bond cleavage reactions may occur via similar pathways.
EXPERIMENT SECTION
General
All boiling and melting points are uncorrected. Infrared
spectra were recorded on a Perkin-Elmer 283 spectrophotometer.
Nmr spectra taken on a Bruker WM250 nmr spectrometer or on a JEOL
PMX-60 nmr spectrometer. The chemical shifts are reported on
the scale in parts per million with reference to internal
Me4Si. Mass spectra were measured on a VG7070F mass
spectrometer. Optical rotation was measured on a Bellingham-
Stanley Model A polarimeter. Solvents were purified according to
7 7
standard procedures. Chlorobenzene was previously dried over
calcium hydride, then distilled from 25' anc stored over Linde
4A molecular sevive. Tetrahydrofuran (THF) was distilled from
lithium aluminum hydride prior to use. Other solvents were
distilled before use. Mercaptans28, thioethers29 were
synthesized according to literature procedures.
2-Naohthvlmethanethiol (14)
Commercially available thiourea (9.0g, 0.12 mol) in ethanol
(95%, 50 mL) was mixed with 2-bromomethylnaphthalene (81) (22g,
0.10 mol). The mixture was refluxed for 3 h, and sodium
hydroxide solution (10%, lOOmL) was introduced. Further 2 h
refluxing was followed by neutralization with hydrochloric acid
(10%). The mixture was extracted with diethyl ether( 3 x 50 mL)
and the combined extracts were dried over anhydrous magnesium
sulfate, filtered and evaporated in vacuo to give (14) (5.6g,
32%); NMR
1.7(1H,t), 3.8(2H,d), 7.4-8.0(7H,m); MS: me 174(17), 141(100).
2-Naphthvlmethanethiol-S-d (15)
2-Naphthylmethanethiol (14) (2.0g, 0.011 mol) in dry
chloroform (lOmL) was mixed with D20 (2 mL). The mixture was
stirred for 1 h. The aqueous layer was removed and the organic
layer was dried over anhydrous magnesium sulfate. Evaporation of
the solvent in vacuo led to (15) (2.0g, 99%); 1H NMR (CDC13)
3.8(2H,s), 7.4-8.0(7H,m); MS: me 175(15), 141(100)
-Bromoohenvl methyl acetate (17)
A mixture of methyl phenylacetate (15.Og, 0.10 mol) and N-
bromosuccinimide (17.8g, 0.10 mol) in carbon tetrachloride (300
mL) was refluxed for 7 h. After the mixture was cooled,
succinimide was filtered to give a colorless solution. The
solvent was removed in vacuo to yield a white crystalline solid
(28g, 98%) which was used for the next reaction without further
purification.
Methyl 2-phenyl-2-(phenvlmercapto)acetate (18)
Thiophenol (8.0 mL, 0.08 mol) in ethanol (50 mL) was treated
with sodium hydroxide solution (2.5%, 70 mL). The mixture was
added into a solution of methyl 2-bromophenylacetate (17) (21g,
0.07 mol) in chloroform (50 mL). Then, it was allowed to reflux
for 90 min. After cooled to room temperature, the mixture was
filtered and the filtrate was poured into water. n-Hexane (3 x
50 mL) was used to extract the mixture and the combined organic
solution was washed with water and dried over anhydrous sodium
sulfate. Evaporating the solvent in vacuo gave an oil-like
(18) 33 (22g, 93%) which showed the same physical data as those
of the authentic sample.
Methyl 2-phenvl-2-(phenvlmercapto)propanoate (19)
A mixture of sodium hydride (0.9g, 0.03 mol) in benzene (50
mL) and 1,2-dimethoxyethane (DME) (50 mL) was added with vigorous
stirring to a DME solution of methyl 2-phenyl-2-
(phenylmercapto)acetate (18) (7.7g, 0.03 mol) Then, methyl
iodide (4.5g, 0.03 mol) was introduced dropwise. After the
addition was complete, the mixture was heated under reflux for 30
min. Water (250 mL) was added and the mixture was extracted with
chloroform (3 x 100 mL). The organic solution was dried over
anhydrous sodium sulfate, filtered and the filtrate was
evaporated in vacuo to give (19)33 (5.2g, 62 -o); H NMR (CDCI3)
1.8(3H,s), 3.6(3H,s), 7.2-7.6(10H,m).
2-Phenvl-2-(phenylmercapto)propanoic acid (20)
Methyl 2-phenyl-2-(phenylmercapto)propanate (19) (50g, 0.2
mol) in sodium hydroxide solution (10%, 250mL) was refluxed for
6 h. After cooled to room temperature, the mixture was washed
with diethyl ether. The aqueous layer was separated and
acidified with hydrochloric acid (20%), and it was then
extracted with diethyl ether (3 x 50 mL). After dried over
anhydrous sodium sulfate, the solvent was evaporated in vacuo to
give (20) (20g, 37%); mp 103-105°C (Lit.33 104.5-105°C); 1H NMR
(CDCI3) 1.8(3H,s), 7.2-7.6(10H,m), 9.3(s,lH).
R-(-)-2-Phenvl-2-(phenylmercapto)propanoic acid (21)
R-(-)-Phenylethylamine (12.1g, 0.1 mol) in ethanol (35mL)
was mixed with a solution of 2-phenyl-2-(phenylmercapto)propanoic
acid (20) (25.8g, 0.1 mol) in ethanol (3 5mL). The mixture was
boiled and treated with hot water (70mL). The salt was allowed
to crystallize at 0°C. The collected crystalline solid was
recrystallized from ethanol and water (3.15mLl. 05mL per gram of
salt). After seven recrystallizations with the above procedure,
phenyl)ethyl ammonium-(-)- 2-phenyl-2-(phenylmercapto)
propanate (7.2g, 20%) was obtained, [a]— 200.8. The salt
was then treated with dilute hydrochloric acid and the mixture
was shaken with diethyl ether until all the salt was dissolved.
The ether solution was washed with water (lOOmL) and dried with
anhydrous sodium sulfate. Evaporation of the solvent gave
(21) (4.2g, 16%); mp 103-105°C; fal23= -127.6° Tlit.33
104.5-105°C), [a]= -125.0°); XH NMR (CDCI3) 1•8(3H,s), 7.2-
7.6(10H, m), 9. 3 (s,1H).
4-Methoxvbenzvl mercaotan (23)
Thiourea (6.0g, 0.08 mol) and 4-bromomethylanisole (83)
(15g, 0.8 mol) in water (100 mL) was heated under reflux for 3 h.
Then, sodium hydroxide solution (10%, 50 mL) was poured into the
mixture. The mixture was refluxed for a further 2 h. The
solution was cooled, the organic layer was separated and
hydrochloric acid (10%, 50 mL) was introduced. The mixture was
extracted with diethyl ether (3 x 50mL) and the combined
organic solution was dried over anhydrous magnesium sulfate.
After filtration, the solvent was evaporated in vacuo to give the
crude mercaptan which was distilled to yield (23) (4.2g, 75%);
bp. 60-62°C (0.1 mm Hg) (Lit.41 bp 89-94°C, 2. 5mmHg); 1H NMR
(CDCI3) 1.7(1H,t), 3.5(2H,d), 3.6(3H,s), 6.6-7.2(4H,q)
4-Bromophenvlmethanethiol (24)
A mixture of o(, 4—dibromotoluene (82) (16. Og, 0.08 mol) and
thiourea (6.2g, 0.08 mol) in water (50 mL) was refluxed for 2 h.
After cooled to room temperature, a solution of sodium hydroxide
(10%, 50 mL) was introduced, and the mixture was refluxed until
all the precipitate has dissolved. The solution was cooled,
acidified and extracted with diethyl ether (3 x 50 mL). The
organic solution was dried over anhydrous magesium sulfate and
filtered. Evaporation of the solvent in vacuo gave (24) (8.9g,
55%); bp. 102-104°C (0.02 mm Hg) (Lit42 115-1X7°C 2.8 mmHg);
•H NMR I (CDClo) 1.7(1H, t), 3.6(2H,d), 7. 0-7.4(4H,g); MS: me
204(30), 202(30), 171(100), 169(100).
4-Mercaptomethvlbenzoic acid (25)
Methyl 4-bromomethylbenzoate (llg, 0.05 mol) was mixed with
thiourea (3.5g, 0.05 mol) in ethanol (200 mL). The mixture was
refluxed with vigorous stirring for 2 h. After cooled to room
temperature, the white precipitate was collected by filtration
and submitted to sodium hydroxide solution (10%, 70 mL).
Further 2-h refluxing was followed by acidification with
hydrochloric acid (10%, 50 mL) to yield (25) (5.2 g, 57%); mp
17 8— 17 9°C (CHCl3) (Lit.32 mp 179-180°C); 1H NMR (CDC13)
2.9(1H,t), 3.9(2H,d), 7.5-8.2(4H,m), 8.5(lH,s).
l-Mercapto-8-phenoxvoctane (26)
l-Bromo-8-phenoxyoctane (84) (7.0g, 0.025 mol) and thiourea
(2. og, 0.025 mol) were mixed in ethanol (50 mL). The mixture was
refluxed for 3 h. After cooled to room temperature, sodium
hydroxide solution (10%, 50 mL) was introduced. Refluxing was
continued for 2 h and the solution was acidified with
hydrochloric acid (50 mL, 10%). The mixture was extracted with
chloroform (3 x 50 mL) and the organic solution was dried over
anhydrous magnesium sulfate. After filtration, the solvent was
evaporated in vacuo to yield (26) (3.2g, 54%); bp. 138-140 °C
(0.24 mm Hg); XH NMf )(CDC13) 2.1-3.2 (13H,m), 2.3-2.7(2H,m),
4.0(3H,t), 6.7-7.4(5H,m); MS: me 238(35), 237(45), 94(100);
MS: me 238.1390 Cald. for C14H22SO 238.1391.
Bis-(2-naphthvlmethvl) sulfide (27)
2-Bromomethylnaphthalene (81) (lOg, 0.045 mol) was dissolved
in hot ethanol (50 mL). The solution was refluxed gently,
during which sodium sulfide (60%, 3.0g, 0.023mol) in water (25
mL) was introduced dropwise. It was continued to reflux for 2
days. After cooled to room temperature, the mixture was poured
into ice. The solid was collected by filtration and
recrystallized from benzenehexane to give (27) (6.2g, 86%); mp
117—118°C (Lit.34117-118°C); 1H NME (CDC13) 3.8(4H,s), 7.2-
7.7(14H,m); MS: me 314 (45), 142 (100), 141(100).
Bis-benzvl sulfide (28)
Benzyl bromide (23.7mL, 0.2mol) was dissolved in ethanol
(95%, 50mL). The mixture was heated under reflux to which sodium
sulfide (13g, 60%, 0.1 mol) in water (50 mL) was added dropwise.
After three-day refluxing, the mixture was cooled and poured into
ice (cald. 200g). After filtration, the yellow solid was
recrystallized from ethanol (70%) to give (28) (12.2g, 66%)
which exhibited identical physical properties to those of the
authentic sample.
General procedure for the preparation of alkvl sulfides
A solution of mercaptan in THF (2 0-3 0 mL) was added to a
slurry of excess sodium hydride (washed with dry n-hexane) in
THF (50ml). A milky mixture was stirred for 1-4 h. A solution
of equimolar amount of bromide or iodide in THF (2 0-3 0mL) was
then added. After stirred overnight, water was introduced to
quench the reaction. The mixture was extracted with chloroform
(3 x 50 mL) and the organic solution was washed with aqueous
sodium hydroxide (10%, 2 x 50 mL). After dried over anhydrous
magnesium sulfate, the solvent was evaporated in vacuo to give
the corresponding sulfide.
(1-Naphthvl)methyl phenyl sulfide (29)
According to the general procedure thiophenol (3.2g, 0.03
mol) in THF (10 mL) was treated with sodium hydride (1.5g, 0.66
mol) in THF (20 mL) followed with a solution of 1-
(chloromethyl) naphthalene (5.0g, 0.03 mol) in THF (50 mL) to
give (29) (3.4g, 49%); mp 71-73°C(EtOH) (Lit.36 73°C); NMR
(CDC1,) 4.5(2H,s), 7.2-8.3(12H,m); MS: me 250(19), 141(100).
4-Bromobenzvl phenyl sulfide C3CM
A THF solution of thiophenol (2.3g, 0.02 mol) sodium
hydride (1.5g, 0.66 mol) and oi,4-dibromotoluene (82) (5.0g, 0.02
mol) in THF (20 mL) was allowed to react according to the general
procedure to yield (30) (2.6g, 46%); mp 76-7 8°C(EtOH)
(Lit.15e 77-78°C); XH NKF (CDCIO 4. 0 (2H, s). 6. 8-7. 6 (9H, m); MS:
me 278(20), 280(20), 169(100), 171(100)
Benzyl phenyl sulfide (31)
Diphenyl disulfide (l.lg, 0.005 mol) was mixed with benzyl
alcohol (0.55g, 0. 005 mol) in dry benzene (30 mL).
Tributylphosphine (1.3mL, 0.005 mol) was introduced into the
solution and the mixture was refluxed overnight under nitrogen
atmosphere. After cooling to room temperature, the yellow
solution was mixed with diethyl ether (50 mL), and washed with
sodium hydroxide (10%, 3 x 50 mL) and water (4 x 50 mL).
Evaporating the solvent led to a yellow oil which was
chromatographed on silica gel and eluted with n-hexaneethyl
acetate (5:1) to give (31) (0.92g, 93%) which showed the same
spectroscopic properties as those of the authentic compound.
2-fPhenylthiostvrene (32)
Thiophenol (6.9 mL, 0.06 mol) was mixed with phenylactylene
(5.5 mL, 0.05 mol) in n-octane (10 mL). The solution was coolec
in an ice-water bath. A catalytic amount of benzoyl peroxide was
introduced. The mixture was stirred for 1 h upon irradiatior
with light. After removal of the solvent, the residue was
distilled to give (32) (9.2q, 75%); bp 140-141°C (0.25 mm Hq),
(Lit.39 bp 140°C, 0.25 mmHg); 1H NMR (CDCI3) 6. 5-6.8(2H,m)
7.2-7.6(10H,m)
4-Methoxvbenzvl methyl sulfide (33)
A solution of 4-methoxybenzyl mercaptan (23) (2.0g, 0.013
mol) in THF (20 mL) was added to sodium hydride (2.0g, 0.016
mol) in THF(3 0mL) according to the general procedure. It was
allowed to stir for 1 h and a solution of methyl iodide (2.0g,
0.016 mol) in THF (20 mL) was added. After worked up, (33)
(1. 7g, 78%) was obtained; bp 94-96°C (0.04 mm Hg); (Lit.35 bp
138°C, 17mmHg); 1H NMR ) (CDClo) 2.0(3H,s), 3.6(2H,s), 3.8(3H,s)
6.7-7.3(4H,m); MS: me 168(30), 121(100)
Methyl 2-naphthvl sulfide (34)
By using the general procedure depicted above, a mixture of
2-naphthalenethiol (14) (l.Og, 6.3 mmol), sodium hydride (0.8g,
0.033 mol) and methyl iodide (5.0g, 0.04 mol) in THF was
transformed into (34) (0.8g, 73-s); mp 42-48 C(EtOH), (Lit.
43°C); 1H NMR (CDClo) 2.6(3H,s), 7.1-7.8(7H,m); MS: me 174.
1-(8-Phenoxv)octvl methvl sulfide (35)
Following the general procedure described above, a mixture
of l-mercapto-8-phenoxyoctane (26) (1.5g, 6.3 mmol), sodium
hydride (0.2g, 8.3 mmol) and methyl iodide (3.9g, 25 mmol) in
THF was converted to (35) (0.9g, 54%); bp 145-150°C (0.4 mm
Hg)? 1H NMR (CDC13) 1.3-2.0(12H,m), 2.1(3H,s), 2.5(2H,t),
4.0(2H,t), 6.8-7.4(5H,m); MS: me 252 (20), 94 (100); MS me
252.1552 Cald. for C15H24SO 252.1548
1-Adamantvl methvl sulfide (36)
According to the general procedure, a mixture of 1-
adamanthanethiol (66) (1.6g, 9.5 mmol), sodium hydride (0.4g,
0.017 mol) and methyl iodide (5.4g, 0.04 mol) was transformed
into (36) (0.52g, 31%); bp 61-63°C (0.04 mm Hg) (Lit.38 bp 68-
69°C, 0. 55mmHg); 1H NMR (CDC13) 1.6-2.3 (12H,m), 3.1(3H,s);
MS: me 182(21), 135(100).
1-Naohthvlmethv1 2-naphthvlmethvl sulfide (37)
2-Naphthylmethanethiol (14) (2.0g, 0.011 mol) was mixed
with sodium hydride (l.Og, 0.04 mol) followed with 2-
chloromethylnaphthalene (2.0g, 0.011 mol) according to the
general procedure to give a yellowish residue which was
chromatocrraphed on silica gel and eluted with n—hexaneethyl
acetate (5:1) to give (37) (2.1g, 61%); 1H NMR (CDCI3) 3.8(2H,s),
4.0(211,3), 7 .1-8.1(14H,m); MS: me 314 (43), 142 (100), 141(100);
MS: me 314.1130, Cald. for C22H18S 314.1129.
2-Naphthvl 2-naphthvlmethvl sulfide (38)
Following the general procedure, 2-naphthalenethiol (14)
(4.0g 0.02 5 mol) in THF (30 mL) was first treated with sodium
hydride (l.Og, 0.04 mol) in THF (50 mL) followed with 2-
bromomethylnaphthalene (81) (5.5 g, 0.025 mol) in THF (2 0 mL) to
give (38) (6.2g, 83%); mp 114-116°C(EtOHCHClo); 1 NMI (CDCI3)
4.3(2H,s), 7.2-8.3(14H, m);MS: 300(35), 142(100), 141(100),
128(85); MS: me 300.0970, Cald. for C21H16S 300.0973.
General procedure for the desulfurization of thioehters
Thioether (lmmol) and equimolar amount of tungsten
hexacarbonyl were mixed in chlorobenzene (15-20 mL). The mixture
was frozen in a liquid nitrogen bath, evacuated and flushed with
nitrogen. The mixture was then heated under reflux for 24-96 h
while maintaining the oil bath temperature at 18 0-19 0°C. Black
mixture was obtained. After removal of chlorobenzene by vacuum
distillation, the black residue was washed with chloroform or
diethyl ether. The organic solution was filtered and the
filtrate was carefully evaporated to give the residue which was
chromatographed on silica gel and eluted with n-hexane to yield
the desired product.
Desulfurization of R- (-)-2--phenvl-2-phenvlmercaptoDropionic acid
(21)
By using the method described in general procedure, a
mixture of (21) (2 60 mg, 1.0 mmol) and tungsten hexacarbonyl (3 50
mg, 1.0 mmol) in chlorobenzene (20 mL) was refluxed for 30 hours.
After cooled to room temperature, aqueous potassium carbonate was
added. The mixture was washed with diethyl ether. The aqueous
solution was neutralized then extracted with diethyl ether three
times. The combined organic solution was dried over anhydrous
sodium sulfate, filtered, and the filtrate was evaporated in
vacuo to give the oily product, 2-phenylpropionic acid (69)
(59mg, 39%), which did not exhibit any optical rotation;
XH NMR (CDC13) 1.5(3H, d), 3.7(1H,q), 7.3(5H,m), 10.4(1H,board
s). This product shows the same spectroscopic properties as those
reported in the literature45.
Desulfurization of R-(-)-2-phenvl-2-phenvlmercaptopropionate (22)
A mixture of (22) (544 mg, 2.0 mmol) and tungsten
hexacarbonyl (710 mg, 2.0 mmol) in chlorobenzene (20 mL) was
heated under reflux for 30 h by employing the general procedure.
After usual workup and chromatographic separation on silica gel
using n-hexaneethylacetate (20:1) as eluent to give the meso-
dimethyl 2,3-dimethyl-2,3-diphenyl butanedioate (70a) (138 mg,
43%); mp 113—X15°C (Lit.46 127-128°C); XH NMR (CDCI3)
1.85(6H,s), 3.60(6H,s), 6.60-7.20(1,111); MS: me 326. The second
portion was isolated as oily dl-dimethyl 2,3-dimethyl-diphenyl
butanedioate (70b) (115 mg, 35%); 1H NMR ) (CDC1-,) 1. 77 (6H, S)
3.67(6H,s), 6.60-7.20(10H,m); MS: me 326.
Desulfurization of bis-(2-naphthvlmethvl) sulfide (27)
According to the general procedure, (27) (2 39 mg, 0.8 mmol)
was treated with tungsten hexacarbonyl (245 mg, 0.7 mmol) in
chlorobenzene (10 mL) to give 2-methylnaphthalene (39) (31mg,
15%); mp 3 3—3 5°C;% NMf (CDCI3) 2.5(3H,s), 7.2-7.7(7H,m),MS:
me 142. and 1.2-di(2'-naphthvl)ethane (40) (109mcr, 54%); mp
182-3°C (Lit.43183-4°C); 1H NMI (CDCI3) 3.2(4H,s), 7.2-
7.7(14H,m); MS: me 282(42), 141(100)
Desulfurization of dibenzvl sulfide (28)
A chlorobenzene solution (25 mL) of (28) (247mg, 1.2 mmol)
and tungsten hexacarbonyl (424 mg, 1.2 mmol) was heated under
reflux for 48 h according to the general procedure. After
workup, the residue was chromatographed on silica gel and eluted
with n-hexane to give 1,2-diphenylethane (41) (160mg, 42%);
mp 50-53°C; 1H NMR (CDC13) 2.9(4H,s), 7.0-7.4(10H,m); MS: me
182(20), 91(100).
Desulfurization of 1-naphthvlmethyl phenyl sulfide (29)
By employing the general procedure, a mixture of (29) (171.4
mg, 0.98 mmol), tungsten hexacarbonyl (354.6 mg, 1.0 mmol) in
chlorobenzene (10 mL) was refluxed for 48 h. After usual workup,
the residue was chromatographed on silica gel and eluted with n-
hexane to yield 1-methylnaphthalene (43) (llmg, 5%);
1H NMR (CDCI3) 2.9(3H,s), 7.2-7.7(7H,m); MS: me 142; and 1,2-
di(1'-naphthyl)ethane (44) (66mg, 53%); mp 162-4°C (Lit.43 160-
1°C); 1H NMR (CDCI3) 3.5(4H,s), 7.2-7.7(14H,m); MS: me 282 (42),
141(100).
Desulfurization of 4-bromophenvl phenyl sulfide (30)
(30) (225mg, 0.75 mmol) and tungsten hexacarbonyl (323mg,
l.lmmol) in chlorobenzene (20 mL) were treated according to the
general procedure for 72 hours followed by chromatographic
separation to yield 4-bromotoluene (45) (5mg, 4%); 1H NMI
(CDCI3) 2. 2 (3H, s), 6. 9-7. 5 (4H, q); MS: me 172 (48), 170(50),
91(100); and 1,2-di(4'-bromophenyl)ethane (46) (64mg, 48%); mp
114-6°C (Lit.43 114—5°C); 1H NMR (CDC13) 2.9( 4H,s), 6.9-
7.4(8H,m); MS: me 342(2), 340(4), 338(2), 171(80), 169(80).
Desulfurization of benzyl phenyl sulfide (31)
A chlorobenzene solution (25 mL) of (31) (212mg, 1.1 mmol)
and tungsten hexacarbonyl (369 mg, 1.1 mmol) were heated under
reflux for 48 h following the general procedure. The solvent was
removed by distillation under reduced pressure and the residue
was treated as usual followed by chromatographic purification on
silica gel using n-hexane as eluent to give 1,2-diphenylethane
(41) (93 mg, 46%); mp 50-53°C; 1H NMR (CDCI3) 2.9(4H,s),7.0-
7.4(10H,m); MS: me 182(20), 91(100)
Desulfurization of 2-(phenylthio)stvrene (32)
By using the general procedure, a mixture of (32)( 639 mg,
3.0 mmol) and tungsten hexacarbonyl (1.8g,5.4 mmol) in
chlorobenzene (10 mL) was refluxed for 4 days to give stilbene
(51)( 98 mg, 18%); mp 110-112 °C; 1H NMR (CDCI3) 7.2-7.4(m);
MS: me 180, which showed the same spectroscopic properties as
those of the authentic sample.
Desulfurization of 4-methoxvbenzvl methyl sulfide (33)
In accordance with the general procedure, (33) (413mg,
2.5mmol) was allowed to react with tungsten hexacarbonyl (901mg,
2.6mmol) in chlorobenzene (10 mL) to give 4-methylanisole (47)
(30 mg, 4%); 1H NMI (CDC13) 2.3(3H,s); 3.7(3H,s), 6.6-7.1(4H,q)
MS: me 122; and 1,2-di(4'-methoxyphenyl)ethane (48) (144mg,
48%), 121-123°C (Lit.43122-123°C); 1H NMR (CDCI3) 3.1(4H,s),
3.7(6H,s), 6.6-7.1(8H,q); MS: me 242(51), 121(100).
Desulfurization of 2-naohthvl methyl sulfide (34)
A solution of (34) (133 mg, 0.77 mmol) in chlorobenzene (2i
mL) was mixed with tungsten hexacarbonyl (274mg, 0.78 mmol;
following the general procedure. It was then heated under reflu:
for three days. After workup, chromatographic purification oi
silica gel and using n-hexaneethylacetate (5:1) as eluent,
(34), (130mg, 95%) was recovered.
Desulfurization of methyl 1-(8'-phenoxv)octyl sulfide (35
A mixture of (35) (170 mg, 0.67 mmol) and tungsten
hexacarbonyl (0.68mg, 2.1 mmol) in chlorobenzene (20 mL) was
allowed to reflux for 72 h. (35) (102mg, 60%) was recovered.
No desired product was obtained.
Desulfurization of 1-adamantvl methyl sulfide (36)
A mixture of (36) (225. 2 mg, 1.2 mmol) and tungsten
hexacarbonyl (438mg, 1.2 mmol) in chlorobenzene (20 mL) was
treated for 72 h according to the general procedure to yield the
startina material, (36) (220mg, 95%).
Desulfurization of 1-naohthvlmethy1 2-naphthvlmethy1 sulfide (37)
(37) (507 mg, 1.6 mmol) and tungsten hexacarbonyl (616 mg,
1.7 mmol) in chlorobenzene (10 mL) were treated in accordance to
the general procedure. After normal workup, the residue was
chromatographed on silica gel and eluted with n-hexane to give
first portion (80 mg) a mixture of 2-methylnaphthalene (39) i
27%), and 1-methylnaphthalene (43) (18%) in the ratio of 1.5: 1;
1H NMR (CDCl) 2.5(s), 2.9(3H,s). The second portion led to;
mixture (144 mg) of 1,2-di(2'-naphthyl)ethane (40) (14%), 1,2-
di (11-naphthyl) ethane (44) (28%), H 1-(1'naphthyl)-2-(2»'-
naphthyl)ethane (52) (11%) in the ratio of 1.3:2.5:1.0?
NMR (CDC13) 3.2(s), 3.5(s), 3.3(t), 3.2(t), 7.2-7.7(m). The
product ratio was determined on the basis of the nmr spectra of
the mixtures.
Desulfurization of 2-naphthyl 2-naphthvlmethvl sulfide (38)
In accordance with the general procedure, a mixture of (38)
(321 mg, 1.1 mmol) and tungsten hexacarbonyl (3 77 mg, 1.1 mmol)
in chlorobenzene (25 mL) was heated under reflux for 30 h to
give naphthalene (49) (48 mg, 38%), 2-methylnaphthalene (39)
(6mg, 4%) and 1,2-di (2 '-naphthyl) ethane (40) (71 mg, 46%). Those
products showed the identical spectroscopic data with those of
the authentic samples.
Desulfurization of methvl 2-naphthvlmethvl sulfide (50)
Following the general procedure, (50) (199 mg, 1.1 mmol)
was treated with tungsten hexacarbonyl (317 mg, 1.0 mmol) in
chlorobenzene (25 mL) for 48 h to give to 2-methylnaphthalene
(39) (51mg, 34%); mp 33-35°C;% NMR (CDClo) 2.5(3H,s), 7.2-
7.7(7H,m); MS: me 142; and 1,2-di(2'-naphthyl)ethane (40) (75mg,
50%); mp 182-3°C (Lit.43183-4°C); 1H NMF
Desulfurization of Diphenvl disulfide (55)
Following the general procedure, a mixture of (55) (212.4
mg, 1.0 itimol) and tungsten hexacarbonyl (3 75 mg, 1.0 mmol) in
chlorobenzene (20 mL) was heated under reflux for 72 h. Starting
material (55) (180mg, 98%) was recovered.
Desulfurization of methyl 2-phenyl-2-phenvlmercaptobutvrate (72)
According to the general procedure, (72) (858mg, 3 mmol) and
tungsten hexacarbonyl (l.lg, 3.0 mmol) in chlorobenzene (20 mL)
was heated under reflux for 30 h. After normal workup and
chromatographic separation on silica gel using n-
hexaneethylacetate (20:1) as eluent. (73) (120 mg, 23%) was
obtained as the first portion, 1H NMR ( CDC13) 0.90(3H,t),
2.04(2H,dq), 3.70(lH,dd), 3.77(5H,m). The second portion was a
mixture of (73), (74), (75). The third portion afforded pure
(74) (lOOmg, 19%), 1H NMR (CDC13) 1.68(3H,d), 3.67(3H,s), 7.05-
7.40 (5H, m). The NMR data for (75) is 2.06 (3H,d), 3.60(3H,s),
6.10 (1H, q), 7.00-7.3 (5H,m). The ratio of (73), (74), (75) is
5:4:1 based on the nmr spectrum of the crude mixture.
(CDCI3) 3.2(4H,s), 7.2-
7.7(14H,m); MS: me 282(42), 141(100).
General procedure for the desulfurization of thiols
Thiol (lmmol) and equimolar amount of tungsten hexacarbonyl
were mixed in chlorobenzene (20 mL). The mixture was frozen in
liquid nitrogen bath, evacuated and flushed with nitrogen. After
it was warmed to room temperature, the mixture was heated
under reflux for 24-48 h while maintaining the oil bath
temperature at 165-170°C. A black mixture was obtained. After
removal of chlorobenzene by vacuum distillation, the residue was
washed with chloroform or diethyl ether. The organic solution
was filtered and the filtrate was carefully evaporated to give
the residue which was chromatographed on silica gel to yield the
desired product.
Desulfurization of 2-naphthvlmethanethiol (14)
A mixture of (14) (171.4 mg, 0.98 mmol) and tungsten
hexacarbonyl (3 54.6 mg, 1.0 mmol) in chlorobenzene (10 mL) was
heated for 24 h, according to the general procedure described
above. The residue was chromatographed on silica gel and eluted
with n-hexane to give 2-methylnaphthalene (39) (82mg, 59%); mp
33-35°C; 1H NTCF (CDClo) 2.5(3H,s), 7.2-7.7(7H,m); MS: me 142;
and 1,2-di(2'-naphthyl)ethane (40) (14mg, 10%); mp 182-3°C
if the bath temperature was below 160°C, the reaction would be
too slow
(Lit.43183-4°C); XH NM1 I (CDCI3) 3. 2(4H,s), 7.2-7.7(14H,m); MS:
me 282(42), 141(100)
Desulfurization of 2-naohthvlmethanethiol-S-d (15)
(15) (387 mg, 2.2 mmol) and tungsten hexacarbonyl (804 mg,
2.3 mmol) were mixed in dry chlorobenzene (10 mL) freshly
distilled from P2O5 under nitrogen atmosphere. The mixture was
heated under reflux for 24 h. The black mixture was filtered
and the filter cake was washed with dry diethyl ether. After
removal of chlorobenzene by vacuum distillation, the residue was
chromatographed on silica gel with n-hexane as eluent to yield
2-methylnaphthalene-d-L (68) (154 mg, 52%); MS: me 143 (35),
142 (68), 141(38); 13C NMI (CDCI3) 135.4, 133.9, 132.9, 128.1,
127.7, 127.6, 127.3, 126.9, 125.9, 125.0, 21.4 (t, J=12 Hz, due
to C-D coupling).
Desulfurization of (4-anisvlmethanethiol (23)
(23) (193.3mg, 1.2mmol) and tungsten hexacarbonyl (456 mg,
1. 3mmol) were mixed in chlorobenzene (10 mL) according to the
general procedure. After refluxed for 30 h, usual workup, and
chromatographic separation on silica gel using n-hexane as eluent
to give 4-methylanisole (47) (70 mg, 46%); 1H NMR (CDCIT)
2.3(3H,s), 3.7(3H,s), 6.6-7.1(4H,q); MS: me 122; and l,2-di(4'-
methoxyphenyl)ethane (48) (8mg, 5-s); 121—123 C (Lit. 122—123 C),
-H NMR frnci,) 3.1(4H,s), 3.7(6H,s), 6.6-7.1(8H, q); MS: me
242(51), 121(100).
Desulfurization of (4-bromopheny1)methanethiol (24)
Following the general procedure, (24) (268mg, 1.3mmol) was
allowed to react with tungsten hexacarbonyl (458mg, 1.3mmol) in
chlorobenzene (10 mL) for 48 h to give 4-bromotoluene (45)
(107mg, 48%); 1H NMR (CDCI3) 2.2(3H,s), 6.9-7.5(4H, q); MS: me
172 (48), 170(50), 91(100); and 1,2-di(4'-bromopheny1)ethane (46)
(13mg, 6%); mp 113-6°C (Lit.43 114-5°C); XH NM! (CDC1-,)
2.9(4H,S), 6.9-7.4(8H,m); MS: me 342 (2), 340 (4), 338 (2),
171(80), 169(80).
Desulfurization of 4-mercaptomethvlbenzoic acid (25)
A mixture of (25) (179mg, 1.0 mmol) and tungsten
hexacarbonyl (37 0mg, 1.1 mmol) in chlorobenzene (10 mL) was
heated under reflux for 30 h. After cooled to room temperature,
the black mixture was filtered. The yellow solution was
evaporated in vacuo and the residue was dissolved in chloroform
and extracted with sodium hydroxide solution (50 x 10%, 5 mL.
The aqueous layer was acidified with concentrated hydrochloric
acid and extracted with chloroform. After removal of the
solvent, crystalline p-toluic acid (59) was obtained (76mg, 53%);
mp 17 9-18 2 °C; 1H NMR (CDClo) 2. 4( 3H,s), 7. 2-8.1(4H,m),
ll(lH,s); MS: me 136(84), 118(100).
Desulfurization of 8-phenoxvoctane-l-thiol (26)
A chlorobenzene solution (10 mL) of (26) (247mg, 1.0 mmol)
and tungsten hexacarbonyl (385 mg, 1.1 mmol) was heated under
reflux for 48h by using the same method described in the general
procedure. A colorless liquid ,1-phenoxyoctane (65) (127mg,
65%), was obtained; NMR (CDC13) 0.9-2.0(15H,m), 3.9(2H,t),
6.8-7.5(5H,m)? MS: me 206(83), 94(100); MS: 206.1665 Cald. for
C14H22° 206-1671
Desulfurization of triphenvlmethanethiol (60)
A solution of (60) (305mg, l.lmmol) in chlorobenzene (10 mL)
was treated with tungsten hexacarbonyl (421mg, 1.2 mmol)
following the general procedure. After the reaction was complete,
the mixture was filtered. To the filterate was added 1-propanol
which gives azeotrope mixture with chlorobenzene. After removal
of the solvent in vacuo, the residue was chromatographed on
silica gel and eluted with n-hexane to give triphenylmethane (61)
(2 lOmg, 78%); mp 92-94°C; 1H NMR (CDC13) 5.5 (1H,s),
7.4(15H,s); MS: me 244(100), 243(30).
Desulfurization of 2—naphthalenethiol (62)
According to the general procedure, (62) (206.lmg, 1.3 mmol)
was allowed to react with tungsten hexacarbonyl (451.7mg, 1.3
mmol) in chlorobenzene (10 mL) for 35 h. Following the usual
workup and evaporating the solvent gave a yellow solid which was
chromatographed on silica gel and eluted with n-hexaneethy
acetate (10:1) to give naphthalene (49) (76mg, 42%); mp 81-
83°c; xh ran (CDCI3) 7.3-8.0(m); MS: me 128, and bis-(2
naphthyl) sulfide (63) (29mg, 18%); mp 132-135°C; 1H NMR
(CDCI3) 7.0-7.9 (m); MS: me 286. Also traced amount of 2,2'-
binaphthyl (64) was detected by GCMS.
Desulfurization of 1-adamantanethiol (66)
(66) (215mg, 1.3 mmol) and tungsten hexacarbonyl (524mg, 1.5
mmol) were treated with chlorobenzene (10 mL) by using the
general procedure for 84 h. After usual workup procedure, the
residue was chromatographed on silica gel and eluted with n-
hexane to yield adamantane (67) (122mg, 79%); mp 130C (subl.);
1H NMR (CDCI3) 1.9(board s); MS: me 136(100), 135(28)
NMR study of the desulfurization of 2-naphthvlmethanethiol (14)
A mixture of (14) (290mg, 1.7mmol) and tungsten hexacarbonyl
(56Omg, 1.7mmol) in chlorobenzene (20mL) was treated in the same
manner as described in the general procedure. The mixture was
heated under reflux and the black solution was withdrawn at
different time intervals and the NMR spectra were measured. The
results are listed in Figure 1.
2-Bromomethvlnaphthalene (81)
2-Methylnaphthalene (71g, 0.50 mol) and N-bromosuccinimide
(69g, 0.50 mol) were mixed in freshly distilled carbon
tetrachloride (1500mL). A catalytic amount of AIBN was
introduced. The mixture was heated under reflux and, at the same
time, irradiated with sun lamp for 2 h. After cooled to room
temperature, the white precipitate was filtered, and the filtrate
was evaporated in vacuo to give (81) (82.3g, 95%); bp 110-112°C
(0.05mm Hg); mp 50-5l°C (Lit.30 mp 54°C);% NMR (CDC1,): 3.2
(2H,s), 7.0-8.0(7H,m); MS: me:221(12), 223(12).
,4-Dibromotoluene (82)
4-Bromotoluene (20g, 0.12 mol) and N-bromosuccinimide
(20.5g, 0.12 mol) were mixed in carbon tetrachloride (lOOmL). A
catalytic amount of AIBN was introduced. The mixture was
refluxed for 2 h, cooled and filtered. The solution was
evaporated in vacuo to give (82) (24.5g, 82%) which was
recrystallized from ethanol, mp 59-62 °C (lit 60—62°C); H NMR
(CDC13) 4.4(2H,s), 7.3-8.0(4H,q).
4-Bromomethvlanisole (83)
4-Methylanisole (10. Og, 0. 090 mol) was mixed with N-
bromosuccinimide (14.6g, 0.09 mol) in distilled carbon
tetrachloride (100 mL). A small amount of AIBN was introduced.
The mixture was heated under reflux and irradiated with sun lamp
for 2 h. After cooled to room temperature, white precipitate was
filtered and filtrate was evaporated in vacuo to give crude (83)
(15g, 90%) which was further purified by distillation; bp 50-
52°C (0.1 mm Hg); (Lit.32 105-110°C, 8mmHg); XH NMR (CDC1,)
3.8(3H,S), 4.5(2H,s), 6.7-7.6(4H,m)
l-Bromo-8-phenoxvoctane (84)
1,8-Dibromooctane (9.2mL, 0.05 mol) and phenol (4.3mL, 0.01
mol) were mixed in wet THF (50mL). Sodium hydroxide powder
(8.0g) and a catalytic amount of 18-Crown-6 was introduced. The
clean solution turned into milky immediately and was continuingly
stirred at ca. 4 0°C for 2 days. Water (100 mL) was added and the
mixture was extracted with chloroform (2x 50 mL). After dried
over anhydrous sodium sulfate, filtered and the filtrate was
evaporated in vacuo to give a white solid mixture. Ethanol (100
mL) was introduced. The insoluble 1,8-diphenoxyoctane was
filtered and the filtrate was evaporated in vacuo to give (84)
(8. 5g, 60%); bp 128-130 °C( 0.4 mm Hg); 1H NMR (CDCI3) 1.3-
2.4(12H,m), 3.3(2H,t), 3.8(2H,t), 6.7-7.5(5H,s); MS: me 284(20),
286(20), 95(32), 94(100), 77(30); MS: me 286.0760, 288.0732
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